Pseudomonas aeruginosa OprM is a protein involved in multiple-antibiotic resistance as the outer membrane component for the MexA-MexB-OprM efflux system. Planar lipid bilayer experiments showed that OprM had channel-forming activity with an average single-channel conductance of only about 80 pS in 1 M KCl. The gene encoding OprM was subjected to insertion mutagenesis by cloning of a foreign epitope from the circumsporozoite form of the malarial parasite Plasmodium falciparum into 11 sites. In Escherichia coli, 8 of the 11 insertion mutant genes expressed proteins at levels comparable to those obtained with the wild-type gene and the inserted malarial epitopes were surface accessible as assessed by indirect immunofluorescence. When moved to a P. aeruginosa OprM-deficient strain, seven of the insertion mutant genes expressed proteins at variable levels comparable to that of wild-type OprM and three of these reconstituted MIC profiles resembling those of the wild-type protein, while the other mutant forms showed variable MIC results. Utilizing the data from these experiments, in conjunction with multiple sequence alignments and structure predictions, an OprM topology model with 16 ␤ strands was proposed.
One general mechanism that contributes to intrinsic multiple antibiotic resistance in gram-negative bacteria is multidrug efflux. Resistance-nodulation-division efflux systems are usually composed of three components: a cytoplasmic membrane pump protein, an outer membrane channel, and a cytoplasmic membrane-anchored membrane fusion protein which helps to link the other two components. A large number of such resistance-nodulation-division efflux system homologues have been identified in a wide variety of species (24) . Antimicrobial agents that enter the cell or the cytoplasmic membrane are captured by the pump and extruded directly into the medium. Bacteria expressing these multidrug efflux systems are resistant to several chemical classes of antibiotics and are thus causing great concern. It is important to understand the molecular mechanism of these efflux systems in order to design methods of inhibition.
In Pseudomonas aeruginosa, a number of multidrug efflux systems have been identified to date (19, 26, 31, 32) . The mexA-mexB-oprM system is expressed constitutively in wildtype P. aeruginosa and contributes to the intrinsic resistance and, when overexpressed, to the mutational resistance of this microorganism to a wide variety of structurally unrelated antimicrobial agents (18, 21, 22) . In addition to multiple-antibiotic resistance, the MexA-MexB-OprM system was also shown to affect quorum sensing, possibly through the export of the P. aeruginosa autoinducer N-(3-oxo)-dodecanoyl-L-homoserine lactone (9) . OprM has been assumed to be a porin-like protein and is homologous to the outer membrane components of other efflux systems in P. aeruginosa and in other bacteria. Similar to the Escherichia coli TolC protein, OprM was shown to be able to act as the outer membrane component of other efflux systems (38, 46) and was important for efficient efflux of multiple antibiotics. However, of the efflux outer membrane proteins, only the distantly related protein TolC has been shown to have porin activity (5) . Although the proton motive force-driven pump proteins and the membrane fusion proteins anchored in the cytoplasmic membrane have been shown to be responsible for substrate selectivity (38) , they do not work in the absence of an outer membrane component, which must therefore be important for direct passage of the wide range of antimicrobial agents into the medium. Understanding the mechanism whereby OprM is involved in facilitating the extrusion of antibiotics will help to develop appropriate inhibitory compounds for these multidrug efflux systems. A knowledge of the molecular structure of OprM is also a starting point for studying its structure-function relationships.
The structures of a number of porins have been determined by mutagenesis and crystallography (1, 8, 37, 41) . They consist of three identical monomers, each of which is a 16-to 18-stranded ␤ barrel whose ␤ strands are tilted with respect to the plane of the membrane. The ␤ strands, which often comprise alternating hydrophobic and hydrophilic amino acids and are relatively conserved in sequence and length among homologous proteins, are connected by longer, more flexible loops exposed to the cell surface and shorter loops exposed to the periplasmic space. OprM does not show very high homology to either general porins or substrate-specific porins. However, it was possible here to identify conserved regions of amino acid residues from its multiple-sequence alignment with various highly homologous outer membrane proteins that are also involved in efflux. In fact, there are approximately 20 homologues of OprM in the P. aeruginosa genome (our web page, http://www.cmdr.ubc.ca/bobh/OprMfamily.html). Applying this information with structure prediction methods such as ␤-turn prediction (30) and hydrophobicity calculation (10) for outer membrane proteins, together with the results from insertion mutagenesis of OprM in this study, a topology model for an OprM monomer is proposed here to provide a basis for understanding the structure-function relationship of this efflux system component.
MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli DH5␣ was used as the primary host for expressing oprM mutant plasmids. Strain CE1248 (3), deficient in the expression of OmpC, OmpF, and PhoE, was used for the expression experiments. For expression experiments and antimicrobial susceptibility assays with P. aeruginosa, OprM-deficient mutant strain OCR03T (12) was utilized. The initially cloned oprM gene (termed here oprM*) carried on plasmid pT7-7 (40) was used as the source for creation of the insertion mutants. Plasmid pUC4KAPA (obtained from John Smit, University of British Columbia) was used as the source of the kanamycin resistance cassette contained on a HincII fragment. The oprM gene and its various insertion mutant forms were then cloned into plasmid pVLT35 or its derivative pVLT31 (23) for expression and antimicrobial susceptibility studies. Plasmids pXZL33 and pXZL34, with the native oprM gene cloned into pT7-7 and pVLT31, respectively, were obtained from Keith Poole.
Media. Bacterial strains were routinely grown with shaking at 37°C in Luria broth (LB) medium (1% tryptone-0.5% yeast extract-0.5% NaCl for E. coli, 0.05% NaCl for P. aeruginosa strains) or on LB agar with the addition of 2% (wt/vol) Bacto Agar. The following antimicrobials were used in selective media: HgCl 2 (15 g/ml) for OprM-deficient P. aeruginosa strain OCR03T; ampicillin (100 g/ml), spectinomycin (30 g/ml), and tetracycline (10 g/ml) for E. coli with constructs made from pT7-7, pVLT35, and pVLT31, respectively; and streptomycin (45 g/ml) and tetracycline (50 g/ml) for OCR03T with constructs made from pVLT35 or pVLT31, respectively.
For expression of insertion mutant forms of oprM and oprM, isopropyl-␤-Dthiogalactopyranoside (IPTG) was added to mid-log-phase cell cultures to a final concentration of 0.1 mM and cells were induced for 2 h before harvest.
DNA methodology. Restriction endonucleases and T4 DNA ligase purchased from Gibco/BRL and New England Biolabs, Inc., were used in accordance with the protocols supplied by the manufacturers. Plasmid DNA was prepared by the alkaline lysis protocol as previously described (35) . Transformations of E. coli and P. aeruginosa with plasmid DNA or ligation products were performed by the CaCl 2 and MgCl 2 protocols, respectively (35) .
Insertion mutagenesis. Insertion of 12-bp linkers into the oprM gene was accomplished as described previously (43) . Briefly, pT7-7::oprM* was partially digested with frequently cutting blunt-end restriction endonuclease RsaI or HaeIII. After digestion, the singly cut plasmid was purified and ligated to a 1.3-kb HincII fragment isolated from the kanamycin resistance plasmid pUC4KAPA. After transformation of the ligation products to E. coli DH5␣, clones were selected for both ampicillin and kanamycin resistance. The resultant colonies were screened by PCR assay for insertion of the Kan r gene into oprM, using an internal primer for the Kan r gene and a forward primer annealing to the 5Ј end and a reverse primer annealing to the 3Ј end of oprM*. The kanamycin resistance gene was then removed by PstI digestion, leaving a 12-bp linker sequence containing the unique PstI site in oprM*. After religation of the plasmids, these were transformed back into DH5␣ and sequenced. The linker mutant plasmids were then linearized by PstI and ligated to synthetic oligonucleotides encoding the malarial epitope with the corresponding reading frame to ensure correct translation. The resultant insertion mutant forms of oprM* were then excised by XbaI and HindIII and cloned into pVLT35 for expression experiments.
When pXZL33 became available, PCR was used for site-directed insertion of the malarial epitope into oprM. Primers containing a DNA region encoding the amino acid sequence KRKNPNANPNANPN were designed to introduce the malarial epitope (NANP) at the chosen insertion sites. The KRK motif was used to ensure that insertion into the amphipathic ␤ strands would interrupt the correct folding of the protein. The PCR products were then phosphorylated, religated, and transformed into E. coli DH5␣ cells, and the oprM insertion mutant forms were eventually cloned into pVLT35 or pVLT31 for expression experiments.
Outer membrane preparation, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and Western immunoblotting. Outer membranes were isolated by passage through a French press and sucrose density gradients or Sarkosyl solubilization, and samples were subjected to SDS-PAGE as previously described (13, 34) . Proteins were stained with Coomassie brilliant blue. Protein concentrations of the isolated outer membrane samples were determined by a modified Lowry assay (36) .
For Western immunoblotting, proteins from unstained gels were transferred to Immobilon polyvinylidene difluoride membranes (Millipore, Bedford, Mass.) in cold transfer buffer (25 mM Tris, 0.2 M glycine, 20% [vol/vol] methanol) at 100 V for 1 h. Proteins were then detected as previously described (29) , using an OprM-specific murine monoclonal antibody (kindly provided by N. Gotoh) or a monoclonal antibody against the malarial epitope (pf2A.10, obtained from R. Wirtz) as the primary antibody and a goat anti-mouse immunoglobulin G alkaline phosphatase-conjugated secondary antibody. The bound antibodies were detected with 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium.
Indirect immunofluorescence. Surface-exposed proteins were detected by the method of Hofstra et al. (14) . Briefly, aliquots of cells were incubated with an anti-OprM or anti-malarial epitope monoclonal antibody and then a fluorescein isothiocyanate-conjugated secondary antibody (Gibco/BRL). Washings were done with phosphate-buffered saline. Cells were spread and air dried on poly-L-lysine-coated slides (Sigma) and covered with mounting reagent and a coverslip, and fluorescence was monitored with a Zeiss microscope fitted with a halogen lamp and filters set for emission at 525 nm.
DNA sequencing. Primers annealing to different regions of oprM were synthesized on an ABI DNA synthesizer. Template DNA was prepared with a QIAprep spin miniprep kit (Qiagen), and PCRs were done in accordance with the protocols provided by Applied Biosystems Inc. DNA sequencing was performed on an ABI model 373 sequencer using the manufacturer's protocols.
MIC determinations. MICs were determined by serial twofold dilution in LB using the method described by Amsterdam (2) . Results were determined after incubation at 37°C for 24 h.
Solubilization and purification of protein. E. coli strain CE1248 carrying oprM on pVLT35 (pKW35TM) was used to isolate OprM. Outer membrane proteins isolated from sucrose density gradients were solubilized subsequently in 0.5 and 3% (vol/vol) n-octyl-polyoxyethylene (Bachem Bioscience Inc.) in 10 mM Tris (pH 8). This fraction was dialyzed into buffer A (10 mM Tris [pH 8], 1% [vol/vol] n-octyl-polyoxyethylene) and then passed through an anion-exchange MonoQ column and eluted with buffer B (buffer A with 1 M NaCl) by fast protein liquid chromatography. A fraction containing OprM was subjected to SDS-PAGE without heating of the sample, and OprM was excised from the gel and eluted in 10 mM Tris (pH 8) with 0.1% SDS at 4°C overnight.
Planar lipid bilayer experiments. Analysis of the pore-forming ability of proteins was done with the planar lipid bilayer technique as previously described (4) . Membranes were composed of 1.5% oxidized cholesterol in n-decane. Purified protein was diluted into 0.1% (vol/vol) Triton X-100 (1:100) prior to addition to the solution of 1 M KCl bathing the planar bilayer membrane.
RESULTS

Prediction of OprM topology.
OprM has been presumed to form a channel in the outer membrane of P. aeruginosa to assist in the efflux of multiple antibiotics (24, 28) . OprM showed some homology to and thus was predicted to function similarly to the E. coli outer membrane protein TolC, which had been previously shown to form channels (5) and was predicted, based on studies with two-dimensional crystals, to form a trimer of ␤-barrel monomers (20) . Data from planar lipid bilayer experiments using the gel-purified oligomeric form of OprM showed that it had channel-forming activity with a single-channel conductance of 82 Ϯ 3.8 pS (mean Ϯ standard error of 152 events) in 1 M KCl (pH 7) at an applied membrane potential of 50 mV ( Fig. 1) , which was similar to that obtained from oligomeric TolC in the same salt concentration (5). Hence, a topology model of OprM was predicted based on the ␤-barrel motif evident in previously published porin models. Multiple-sequence alignment with several homologous proteins was performed to identify conserved regions. In addition, possible ␤ turns were identified and the amphipathicity profile of OprM was calculated using previously published methods (10, 15) . Using these methods, an OprM topology model with 16 ␤ strands connected by long, surface-exposed loops and shorter, periplasmic loops was proposed. The identified amphipathic and conserved regions were mostly contained in the transmembrane ␤ strands, and residues with both hydrophobic and hydrophilic properties, such as tyrosine, were localized mainly to the water-lipid interface. This preliminary model was tested by insertion mutagenesis to determine the flexible (loop region) portions of OprM, and the model was revised accordingly (Fig. 2) .
Epitope insertion mutagenesis. Epitope insertion mutagenesis was done to determine if insertion of a large stretch of amino acids was tolerated in various regions of OprM. The malarial epitope from the circumsporozoite form of Plasmodium falciparum was chosen because previous studies in this laboratory have shown that this epitope is permissive and antigenic when inserted into the loop regions of the outer membrane proteins OprF (44) and OprP (39) . Nine oprM insertion mutant forms were created by random insertion of the malarial epitope (NANP) repeats into oprM*, and these constructs were named pKWIN plasmids ( Table 1 ). The protein encoded by oprM* contained a substitution of 14 unrelated amino acids for the 22 C-terminal residues of native OprM but was capable of reconstituting OprM function (42) . To supplement these mutants, a PCR approach was used to create four additional epitope insertion mutant forms of oprM with the native 3Ј sequence when pXZL33 became available (Table 1) . When the whole oprM gene from these mutants was sequenced, some PCR-introduced errors were discovered. Except for the Y18C and Q20C changes in pKWIN2, the other three plasmids contained conserved changes (A110V in pKWIN5, S152T in pKWIN9, and A400V in pKWIN13). We retained pKWIN2 for our studies, since subsequent analysis demonstrated efficient expression in both E. coli and P. aeruginosa, indicating the relatively benign effects of the observed mutations. The insertion sites were named ME1 to ME13 from the N to the C terminus, corresponding to the pKWIN plasmid number (i.e., pKWIN1 carries an insertion at site ME1).
Expression of OprM insertion mutant proteins in E. coli. The various pKWIN plasmids were transformed into porindeficient E. coli strain CE1248 to allow overexpression of the cloned insertion oprM mutant forms. Outer membranes were isolated for analysis by SDS-PAGE and Western immunoblotting with both anti-OprM and anti-malarial epitope antibodies. Plasmid pKW35TM (pVLT35::oprM with the native sequence) and the control vector pVLT35 were also transformed into E. coli strain CE1248 as controls.
Insertions at sites ME4 and ME7 generated translational stop sites and, as expected, did not produce mutant proteins ( Fig. 3A to C ; Table 1 ). Three of the mutant plasmids, with insertion sites at ME3, ME9, and ME13, led to expression of the mutant proteins at greatly reduced levels in comparison with wild-type OprM. Mutant proteins with insertions at ME8 and ME12 were expressed at intermediate levels but were strongly detected by the anti-OprM antibody. The other six plasmids directed expression of the mutant proteins at levels similar to or higher than that from pKW35TM, as determined by SDS-PAGE and Western immunoblotting with an antiOprM antibody (Fig. 3A and B) . Most of these mutant proteins exhibited slightly lower electrophoretic mobility compared to that of wild-type OprM. Similar results were obtained from Western immunoblotting with an anti-malarial epitope antibody, except that the mutant proteins with insertions at ME12 and ME13 became less detectable and undetectable, respectively (Fig. 3C) .
Surface exposure of insertion mutant proteins. To determine if the OprM mutant proteins were properly inserted into the outer membrane of the E. coli host cells, clones were subjected to indirect immunofluorescence for surface exposure analysis of the mutant proteins. Cells carrying the pKWIN plasmids or the control plasmids pVLT35 and pKW35TM were incubated with anti-malarial epitope antibodies, followed by a goat anti-mouse fluorescein isothiocyanate-conjugated antibody, and examined under a fluorescence microscope. Those seven mutant proteins detected strongly in a Western immunoblot with an antibody specific for the malarial epitope also bound the antibody on the surface of the cell, demonstrating that these mutant proteins were surface exposed and that insertions in these sites were similarly surface exposed (Table 1) . Mutant proteins with insertions at ME9 and ME12 fluoresced very weakly. The other two mutant proteins, with insertions at ME3 and ME13, did not fluoresce. These clones also showed reduced or undetectable levels of the mutant proteins. Thus, we assumed that these sites, ME3, -9, -12, and -13, were not well exposed on the surface of E. coli CE1248.
Expression of OprM insertion mutant proteins in P. aeruginosa. To determine if the OprM mutant proteins were also expressed in similar ways in the native host for OprM, the pKWIN plasmids and the negative control plasmids pVLT35 and pVLT31 and the native OprM-expressing plasmid pKW35TM were transformed into P. aeruginosa. Strain OCR03T, an OprM-deficient mutant of P. aeruginosa, was utilized to ensure that the modest level of OprM constitutively produced in wild-type cells would not interfere with detection of the mutant proteins. Interestingly, the expression pattern of the OprM mutant proteins in P. aeruginosa strain OCR03T was somewhat different from that obtained in E. coli strain CE1248.
Among the three plasmids which produced reduced levels of mutant proteins in E. coli, pKWIN3 did not produce any of the mutant protein in P. aeruginosa OCR03T cells while plasmids pKWIN9 and pKWIN13 led to medium expression levels of the oprM mutant forms they carried (Fig. 4A to C) . The result for these latter two plasmids could reflect the ability of MexAMexB, present only in P. aeruginosa, to stabilize these mutant forms of OprM or could reflect different proteases that degrade mutant proteins in these two organisms. On the other hand, three other plasmids (pKWIN6, pKWIN8, and pKWIN12) led to undetectable expression of their oprM mutant forms in P. aeruginosa ( Fig. 4A to C; Table 2 ). We assume that this reflects the enhanced susceptibility of these mutant OprM forms to proteolytic degradation in P. aeruginosa. P. aeruginosa OCR03T cells carrying the remaining five plasmids (pKWIN1, pKWIN2, pKWIN5, pKWIN10, and pKWIN11) showed various levels of expression of the oprM mutant forms ( Fig. 4A to C ; Table 2 ).
When reacted with the anti-malarial epitope antibody, most of the results obtained with the OprM mutant proteins were similar to that obtained with the anti-OprM antibody, except for the mutant OprM protein from pKWIN13, which became undetectable (Fig. 4D) . This was probably due to inaccessibility of the epitope when inserted at site ME13. Wild-type OprM is heat modifiable and partially runs on SDS-PAGE as an oligomeric form of about 100 kDa (25) . This oligomeric form was also observed for the mutant forms of OprM that were expressed ( Fig. 4A and B) . When reacted with the antimalarial epitope antibody, these expressed mutant proteins gave results similar to those given by their monomeric forms (Fig. 4E ).
Antimicrobial susceptibilities of P. aeruginosa cells carrying the OprM insertion mutants. The P. aeruginosa clones carrying the various pKWIN plasmids were subjected to antimicrobial susceptibility assays to determine if the malarial epitope insertions affected the function of the OprM mutants. MICs of various antimicrobial agents were determined for the P. aeruginosa clones (Table 3) . Antimicrobial susceptibility assays performed on clones carrying the two oprM sequences in a P. aeruginosa oprM-deficient background strain did not show any significant differences (Table 3) . Apparently, variation at the 3Ј end of oprM did not affect the function of the protein and so should not have affected the results in this study.
All nonexpressing clones failed to influence antibiotic resistance (data not shown). In contrast, P. aeruginosa cells carrying the expressed mutant proteins showed variable patterns in their resistance profiles. Cells with pKWIN2, pKWIN9, and pKWIN13 had resistance profiles identical to those obtained with wild-type OprM. Cells carrying pKWIN1 and pKWIN5 had resistance profiles very similar to that of the control with wild-type OprM, except for only partial restoration of resistance to some of the ␤-lactams tested. Cells with pKWIN10 and pKWIN11 showed only partially restored resistance to all of the various antimicrobials tested, with at least a fourfold reduction in MICs compared with those obtained for cells carrying wild-type OprM (Table 3 ). The variation in expression levels of oprM mutant forms was not solely responsible for this result (cf. pKWIN9 and pKWIN10 in Table 3 ). Therefore, this variation in antimicrobial susceptibility caused by the different mutant proteins was likely due to different effects asserted by insertion of the malarial epitope at specific sites. These experimental data were used to generate the revised OprM topology model shown in Fig. 2 .
DISCUSSION
OprM is the outer membrane component of the MexAMexB-OprM multiple-antibiotic efflux system in P. aeruginosa and had been predicted to function like a porin (24, 28) . Results from planar lipid bilayer experiments showed that a gelpurified oligomeric form of OprM had channel activity with a single-channel conductance of about 80 pS in 1 M KCl (pH 7). This suggested that OprM might indeed function as a channel in the outer membrane, like porins. OprM was thus shown to function like the E. coli outer membrane protein TolC and could, in principle, associate with other efflux systems (38, 46) . However, it is interesting that the P. aeruginosa genome sequence contains a different protein, with the highest homology to TolC, that is phylogenetically distinct from the OprM subfamily of efflux outer membrane proteins (our web page, http:// www.cmdr.ubc.ca/bobh/OprMfamily.html). From two-dimensional crystals, TolC was predicted to have a ␤-barrel structure (20) . Therefore, based on the previously published porin models, multiple-sequence alignment with homologous proteins, ␤-turn prediction (30), hydrophobicity calculation (10) , and the insertion mutagenesis results of this study, we have proposed a topology model for the OprM monomer here (Fig. 2) . A 16-␤-strand motif of many previously published porin models (8, 41) was predicted. The ␤ strands contained mostly amphipathic stretches of amino acid residues and the majority of the conserved regions from multiple-sequence alignment of OprM with highly homologous proteins such as P. aeruginosa OprJ (31) and P. putida SrpC (17) . OprM has been predicted to have a putative lipoprotein signal peptidase cleavage site (33) , and the homologous OpcM protein in Burkholderia cepacia was experimentally shown to be a lipoprotein (6) . Therefore, the OprM topology was shown as that of a mature protein after modification by signal peptidase at the N terminus (Fig.  2) but without any possible lipid modification.
The last 22 amino acids at the carboxy-terminal end of native a Plasmids pKWIN1 to pKWIN12 contain insertion mutation oprM cloned into pVLT35; pKWIN13 contains insertion mutation oprM cloned into pVLT31 (a derivative of pVLT35).
b Position 1 is the N-terminal amino acid of the mature OprM amino acid sequence. c These results were obtained using outer membranes of E. coli CE1248 containing the various plasmids. Expression levels ranged from undetectable (Ϫ) to strong (ϩϩϩϩ). Expression was confirmed by Western immunoblot assay using a murine monoclonal antibody against OprM.
d Fluorescence levels ranged from no (Ϫ) to strong (ϩϩϩ) fluorescence as assessed by indirect immunofluorescence assay. e pKW35TM contains wild-type oprM with the native sequence cloned into pVLT35. f This plasmid contains the native oprM sequence at the 3Ј end; the other plasmids contain an insertion into the previously published oprM sequence (termed oprM*). OprM were different from the sequence previously published (termed OprM* here) but consistent with the genomic sequence (http://www.pseudomonas.com). This variation (including 8 extra residues and 14 different residues) apparently did not affect the expression and function of the proteins. Both oprM sequences were expressed similarly in P. aeruginosa OprM-deficient cells and restored resistance to various antimicrobial agents without any noticeable difference (Table 3 ). In addition, the C terminus of native OprM contains a large stretch of hydrophilic residues and is presumably located in the periplasm, where variations are usually tolerable. Therefore, results obtained with our OprM insertion mutant proteins should not have been affected by the presence of the native or the incorrect OprM C-terminal sequence.
On the other hand, a deletion of the last 70 amino acid residues at the C terminus completely abolished the function of the protein and apparently affected the proper folding since no oligomeric or surface-expressed form was obtained from the truncated monomer (data not shown). Therefore, it seems that amino acid residues 399 to 468 of OprM are indispensable for the expression of OprM.
Insertion mutagenesis of PhoE and LamB has shown that insertion sites located in the loop regions are permissive (1, 7) . Mutant forms of oprM with insertions of the malarial epitope at sites ME1, ME2, ME5, ME9, ME10, ME11, and ME13 were expressed in P. aeruginosa, and the proteins were detected by the anti-OprM antibody (Fig. 4C) . These mutant proteins also maintained their abilities to form oligomers which were reduced to monomers, as previously shown for wild-type OprM (25) , by heating and treatment with ␤-mercaptoethanol ( Fig.  4A and B) . These insertion sites seemed to be permissive for OprM and were placed in the surface loops. However, there were variations in antimicrobial susceptibilities from cells carrying the pKWIN plasmids with these insertions (Table 3) . It was not entirely clear what gave rise to this variation in MIC profiles. Although it has been shown that the cytoplasmic membrane-associated proteins (MexA and MexB) in this efflux system were involved in determining the substrate specificity including ␤-lactams (38) , an outer membrane component was indispensable for efflux of antimicrobials. The fact that efflux systems with chimeric outer membrane components were less effective suggested that these outer membrane proteins more readily associate with their native cytoplasmic membrane-associated components (38) . Conversely, the outer membrane 
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ϩϩ Ϫ a pKWIN1 to pKWIN12 contain insertion mutant gene oprM cloned into pVLT35, and pKWIN13 contains insertion mutant gene oprM cloned into pVLT31 (a derivative of pVLT35).
b Position 1 is the N-terminal amino acid of the mature OprM amino acid sequence.
c These results were obtained using outer membranes of P. aeruginosa OprMdeficient strain OCR03T containing the various plasmids. Expression levels ranged from undetectable (Ϫ) to strong (ϩϩϩ).
d pKW35TM contains wild-type oprM cloned into pVLT35. e This plasmid contains the native oprM sequence at the 3Ј end, and the other plasmids contain an insertion into oprM*, the previously published oprM sequence.
components might also have some influence on substrate passage. For instance, it was shown that OprM could contribute to resistance to certain agents in the absence of MexAB (48), although it was unclear if other cellular components were involved. Consequently, the insertion of a long stretch of amino acids into these particular sites might have caused sufficient disruption of the conformation of the mutant OprM proteins, such as changes in the size and charge distribution of the pore, to affect the passage of antibiotics. It was previously shown that a TonB homologue in P. aeruginosa influenced efflux-mediated multidrug resistance, and it was suggested OprM might be a gated channel (47) . However, the fact that we obtained channel activity with OprM indicates that it is not simply a gated channel. This conductance (80 pS) is much lower than that observed for E. coli OmpC monomers (500 pS) that have been known to restrict ␤-lactam passage (16) . Therefore, it is possible that the OprM channel under the influence of MexAϩMexB and a substrate increases its channel diameter through movement of one or more of its loop or turn regions, like a snake opening its jaws wider for larger prey. In the crystal structures of E. coli OmpF and LamB, loop 3 is folded entirely into the ␤ barrel to form the eyelet and some other loops also fold over the channel to different extents (8, 37) . Similarly, some loop regions in OprM might fold partly into the channel to restrict the channel diameter at the surface, and to provide partial gating or some selectivity on substrate passage. In such a model, insertions at ME10 and ME11 in predicted loops 5 and 6 would be proposed to partially impair the normal function of such loops and thus influence antibiotic passage. Further studies, such as deletion and site-directed mutagenesis, would help to further resolve the involvement of these loops.
P. aeruginosa cells carrying plasmids with insertions at four sites (ME3, ME6, ME8, and ME12) did not express the mutant forms of oprM and did not show any increase in resistance to the various antimicrobial agents tested. These insertion sites were proposed to be localized within ␤ strands. Incorporation of the malarial epitope repeats into the ␤ strands would disrupt the folding patterns of the proteins, rendering them more susceptible to proteolytic degradation in the periplasm (27, 45) , and thus they could not be inserted into the outer membrane to form complete functional efflux complexes with MexA and MexB.
Some of the proposed periplasmic loops of OprM were longer. Since OprM apparently interacts with the membrane fusion proteins of different multidrug efflux systems (38, 46) , these longer loops may be involved to facilitate the interaction. A periplasmic domain was also observed for the homologous E. coli TolC protein by two-dimensional crystals (20) . Two large hydrophilic loops predicted in the MexB topology model were suggested to transmit cellular energy to OprM (11) . The longer periplasmic loops proposed in the OprM model here might also be involved. These interactions could be quite important and specific, making chimeric pump systems less effective than the native ones (38) .
There were some differences in expression of the oprM mutants between the E. coli cells and the P. aeruginosa cells carrying the same plasmids. OprM mutant proteins with malarial epitope insertions at ME6, ME8, and ME12 were expressed in an E. coli CE1248 background but not in P. aeruginosa strain OCR03T. The proposed locations of these three sites are within ␤ strands but very close to the cell surface. The alternating hydrophobic and hydrophilic residues being inserted at these sites might be compatible with extension of the ␤ strands and still be accommodated in E. coli without extensive disruption of the ␤ barrel, and the mutant proteins would thus be recovered in the outer membranes. Presumably, these less stable mutant proteins were more readily degraded in P. aeruginosa by its different proteolytic enzymes and therefore these three OprM mutant proteins were not recovered. Since P. aeruginosa is the native host for the MexA-MexB-OprM system, we based our model more on results obtained in the P. aeruginosa background. For the insertion at ME13, the mutant protein was expressed and detected by an anti-OprM antibody in both E. coli and P. aeruginosa and the protein also reconstituted the function of wild-type OprM. However, it was not detected by the antimalarial epitope antibody either in Western immunoblotting or indirect immunofluorescence. Insertion at this particular site was therefore tolerable but might not contain sufficient malarial epitope (NANP) repeats for detection, as observed in some OprF insertion mutants (44) . a Expression levels ranged from undetectable (Ϫ) to strong (ϩϩϩ), and results were obtained from outer membranes of strain OCR03T carrying the various plasmids.
b These results were obtained from three identical experiments. Abbreviations: TET, tetracycline; CM, chloramphenicol; NA, nalidixic acid; NFX, norfloxacin; MERO, meropenem; CTAX, ceftriaxone; CFP, cefepime; CFSD, cefsulodin; CARB, carbenicillin. Results in boldface indicate a reduction of at least fourfold compared with cells carrying wild-type OprM.
c pXZL34 contains wild-type oprM with the native sequence cloned into pVLT31. pKPM-2 contains oprM* cloned into pVLT31. pKWIN13 was also constructed using pVLT31.
d This plasmid carries a tetracycline resistance gene.
The proposed topology model for an OprM monomer will serve as a starting point from which we can begin to define the structure of the protein, its involvement in multiple-antibiotic efflux in terms of mechanism, and its interaction with other components of the efflux system. Further testing of the model would help to better resolve the structure-function relationships of the outer membrane protein.
